Abstract Introduction: We developed and tested a new system for inducing the healing of diabetic foot ulcers. The system relies on the regenerative properties of its two components: an insole with a sheet of natural latex and a device that contains a matrix of light emitting diodes with wavelength of 635 nm. Methods: The electronic and latex based devices were developed, and a four weeks test was performed in one control group (CG) of five ulcers and one experimental group (EG) of eight ulcers. The CG was treated with a standard approach, based on a silver-releasing foam dressing, and the EG was treated with the system under test. For each ulcer, an index for quantifying the percentage ulcer recovery, named CRU(%), has been calculated; a CRU(%) = 0% means no healing, and a CRU(%) = 100% means total healing. Results: There were statistically significant increases of CRU(%) of 51.8% (p = 0.022), for the CG, and of 78.4% (p < 0.001), for the EG. The increase in the EG was higher than the increase in the CG, and the difference was statistically significant (p < 0.001). The results showed that the proposed method had, for these particular sets of ulcers, faster healing rates, than for the standard method. Conclusion: The results hint that the proposed method seems promising as a future treatment method. However, the technique must undergo further testing before it can be considered for extensive clinical applications.
Introduction
Diabetes mellitus (DM) is one of the most important public health problems nowadays, due to its high morbidity and mortality levels (Wild et al., 2004) and, in the last decades, chronic complications of DM have become the most common cause of non-traumatic amputations (Brasileiro et al., 2005; Freitas et al., 2002) . DM has complications such as reduced sensitivity (neuropathy) and blood perfusion (vasculopathy). The feet are often the first part of the body to be affected by the lack of sensitivity. Patients who experience this problem lose the body's main protective mechanism, the pain, and are likely to develop foot wounds. Due to hampered blood flow, wounds usually become bigger and healing is affected. Furthermore, loss of sensitivity makes the patient vulnerable to trivial trauma, in which wounds are an entry to bacteria that cause silent and serious infections when not treated in early stages. This scenario facilitates the appearance of ulcers, which require special attention. The diabetic foot ulcer treatment depends on the degree of damage in the limb and on the presence and severity of ischemia and/or infection. Currently, there are many options for injury treatment, such as bandages with different types of coverage, devitalized tissue debridement, revascularization, hyperbaric oxygen therapy, use of cultured human dermis (Dermagraft), application of local growth factors, and amputation of extremities. Unfortunately, in many cases, the more desirable treatments fail, and the latter option end up being adopted.
This article presents a new system for the treatment of diabetic foot ulcers that conjugates two elements that are known to favor tissue regeneration: a device with a matrix of light emitting diodes (LEDs) and an insole made of natural latex. The use of these techniques in other contexts has been reported in the literature.
Phototherapy based techniques have been known for several years. In numerous studies in the literature, cells that were exposed to light showed higher growth rate than those that were not exposed. Marques et al. (2004) showed that it is possible to accomplish photobiostimulation on cells through optical fluorescence. Minatel et al. (2009) reported that phototherapy accelerated wound healing of mixed leg ulcers in two hypertensive diabetic (type 2) patients. Chaves (2011) reported that a photobiomodulation prototype made of LEDs with spectral range close to the infrared range was an effective remedy in Volume 32, Number 1, p. 3-13, 2016 the treatment of nipple trauma. Souza (2008) did a comparative study between phototherapic modalities using LEDs and LASER, and concluded that, depending on the protocol used, both kinds of radiation and their associations can yield positive biomolulation on fibroblast proliferation, granulation formation, collagen fiber deposition, and angiogenesis. Nteleki and Houreld (2012) presented a review article on the phototherapy (low-level laser therapy -LLLT), and concluded that it is a therapeutic modality that can improve wound healing.
In the last decades, several studies in the literature have reported efforts to identify substances that can promote tissue regeneration and angiogenic activity (Wang et al., 2008) . Synthetic or natural materials have been used or suggested for clinical and experimental use in several species. The ideal substitute material must ideally have low cost, be easily handled, promote tissue growth, provide scar tissue similar strength to that of normal tissue, be resistant to infection, be flexible, be inert, porous, and resilient. Additionally, it should not undergo changes in physical characteristics due to contact with tissue fluids, nor cause exacerbated inflammatory response or cause adhesions or fistulas formation (Dallan, 2005; Wang et al., 2008) . Natural latex is a milky liquid extracted from the Hevea brasiliensis rubber tree, which has properties that induce neovascularization, tissue regeneration and the formation of extracellular matrix (Zimmermann et al., 2007) . Naturally derived, it has low cost, no risk of pathogen transmission and great clinical and social applicability (Frade et al., 2004) .
Several studies in the literature have shown that natural latex has very powerful regenerative properties, which turn it into a very promising substance for use in medical applications. Mrue (2000) reported the use of a biomembrane made of natural latex mixed with the polylisine protein that effectively induced neoformation of the esofagic wall. Ferreira (2007) showed that a latex membrane can be effectively used to repair wall defects in rats that resulted from an abdominal incision, with potential applications for hernia repair. Brandao et al. (2007) reported the development of a new micro-perforated vascular graft model made of tissue and covered with a natural latex compound that showed good structural qualities as a vascular substitute, which stimulated endothelial growth and provided adequate tissue integration in dogs. Zimmermann et al. (2007) reported the development of membranes that were used to replace muscle sheath in dogs; two out of three membranes worked well as temporary implants and also induced the formation of new tissue, which led later to a definitive repair. Rodrigues (2008) developed and tested a device, in dogs, to aid obesity treatment. The system worked by controlling the flow of substances in the esophagus; the device was effective in promoting weight loss and showed perfect biocompatibility. Reis (2013) developed the system herein presented, to treat diabetic foot ulcers, which used natural latex.
The purpose of this research was to develop and test a system for inducing the regeneration of diabetic foot ulcers based on a natural latex insole and a device using light emitting diodes (LEDs).
Methods

Materials
The system developed is composed of an insole made of natural latex and a device with a matrix of red LEDs. The insole was custom made for each subject, and its main purpose is to provide continuous mechanical support to the healing latex sheet while keeping the patient comfortable enough. To fabricate it, we used a mixture of alginate and water to make a mold with the shape of the outer contour of the foot, and we used this mold to make another one, made of plaster, with the shape of the patient's foot. Afterwards, the mold was submitted to successive slow immersions in a latex compound, followed by heating in a thermostatic oven. Finally, a gap was made at the insole, at the position of the ulcerated area. During the application of the experimental treatment, a specially fabricated latex sheet would fill that hole, so that only this sheet will be in contact with the ulcer (Figure 1a) .
The latex sheet has been made with centrifuged 60% latex biomaterial. In the manufacturing process, the latex was placed in a glass or an acrylic Petri dish, previously cleaned and dried, where the latex biomaterial was spread to form a thin layer, covering the dish surface. The Petri dish was not left horizontally in the oven -it was fully rested in a vertical position so that any latex excess would be drained. This procedure led to a more transparent sheet. We repeated the process 6 times, and the resulting final sheet thickness was 0.5 mm. The latex sheets were cut generally in rectangular shapes and then sterilized with ethylene oxide. We made sheets with different sizes in order to match different ulcer sizes. Purposely, we made the slides slightly larger than the extent of the wound, to ensure the total covering of the ulcerated area. The latex sheets were tested at the Optical Spectroscopy Laboratory of the Institute of Physics at the University of Brasilia, in order to verify if it does not cause excessive attenuation or significant changes in the spectral characteristics of the light irradiated by the LED matrix. The results showed that the sheet causes a reduction of approximately a half in the intensity of the light, but had no effect in its spectrum. Different views of the insole are shown in Figure 1 : (a) bottom view; (b) top view, (c) side view. In (d), the foot of a patient using the insole, with the light-emitting device strapped to the foot, at the position of the ulcer, is shown. In (e), an example of a latex sheet is presented.
The second part of the system is the light emitting unit, which contained a matrix of LEDs that contains 31 high intensity red LEDs with 5 mm diameter, with peak wavelength between 635 and 640 nm. Each LED was supplied with a 3 mA current. The matrix had four rows with four LEDs, intercalated with three rows with five LEDs. The distance between the LEDs was 10 mm and the distance between the columns was 7 mm. The circuit contained a battery with autonomy for several hours, a built-in timing system and a sound alarm. A separate power source has been built to allow the recharging of the system's battery. The matrix and its controlling and power supply circuits were fixed in an acrylic box with a transparent top. The physical features of the circuit are presented in Figure 2 . Figure 2a shows the insole and the matrix side by side. Figure 2b shows the two units with the matrix on, close to the charging power source. Figure 2c shows constructive details of the matrix. Figure 2d is a version of Figure 2c with the lights on. Figure 2e shows the spectrum of the LED light that goes in (red curve) and out (blue curve) of the latex sheet. In all tested LEDs, the peak intensities were between the wavelengths of 635 and 640 nm, as specified by the manufacturers, and the attenuation was always of about half the intensity. There was no significant change in the relative spectral content. Figure 2f shows a partial view of the internal circuits.
Subjects
We conducted a study to test the efficiency of the system developed in healing chronic ulcers associated with diabetic foot. The tests included 5 patients that had 10 diabetic foot ulcers. The study protocol has The tests were performed at the Taguatinga Regional Hospital, in Taguatinga (Federal District, Brazil), which has a team specialized in the treatment of diabetic foot ulcers.
Experimental Protocol
The hospital´s clinical staff selected five patients using judgmental sampling. The patients were interviewed using a questionnaire on diabetes control and etiology of diabetic foot (ulcers with neuropathic or vascular origin), type of diabetes (type 1 or type 2), time since diabetes diagnosis, peripheral neuropathy symptoms, feet aspect, previous history of ulcers, number and aspect of the lesions. In addition, personal data were collected, such as identification, age, weight, height, gender, occupation, associated diseases, and drugs in use. There was also an evaluation of aspects related to diabetes, foot inspection, the degree of diabetic foot lesions according to the University of Texas classification.
After the evaluation, the clinical staff and the research team assigned, using convenience-based criteria, each ulcer either to the control group (CG) or to the experimental group (which was named EG1). In some patients that had more than one ulcer, different ulcers could be assigned to different groups.
In the control group, the ulcers were treated with the conventional approach for a minimum of 28 days and were weekly monitored by the hospital's staff. Before applying the bandage with silver-releasing foam dressing, a nurse performed the wound debridement of devitalized tissue and cleaning, with 0.9% physiological saline and gauze. After cleaning, the ulcer was dried with gauze and was prepared to receive the healing bandage. The dressing exchange was performed every 5 days, at home, by the patients or by their families, except on days of clinical evaluation, when an ambulatory nurse changed the bandage. Even when In all tested LEDs, the peak intensities were between the wavelengths of 635 and 640 nm, as specified by the manufacturers, and the attenuation was always of about half the intensity. There was no significant change in the relative spectral content.
the dressing exchange was performed at home, it was necessary that the patient cleaned the wound with 0.9% physiological saline and gauze. The foam dressing is an antibacterial bandage impregnated with silver ions, which are released continuously, as the secretion is absorbed. The silver-releasing foam dressing provides a humid environment, which is an important healing factor (Brem et al., 2004) .
The ulcers in the experimental group were also treated for 28 days. The ulcers received treatment with the tissue regeneration system and were monitored weekly by the hospital staff. The tissue regeneration system can be used either in a hospital environment or in daily use. In this trial, most of the treatment was done at the patient's home. After the clinical evaluation and the assignment of the patient for the experimental group, the foot mold was prepared and the custom made insole was prepared for use in another day. When the patient returned, he received detailed instructions on how to use the system at home.
In the test period, at home, before using the system, the patient had to clean the ulcer with 0.9% physiological saline and gauze. After the cleaning process, the patient rested on his sofa or bed, picked the latex sheet up, sterilized and sealed in its own package, and placed it in the gap that was built in the insole, in such a way that the latex sheet would cover the entire extent of the wound, including its edges. Then, the patient would wear the insole, securing it with Velcro strips. The next step was to strap the LED matrix to the insole, right outside the wounded area, so that the light could reach the latex sheet and the ulcer. In addition, the patient would put a piece of plastic wrap (PVC) on the LED light-radiating cell to prevent contamination. At this moment, the patient turned the device on to initiate the irradiation of the ulcer with light from the LED matrix. During the procedure, the patient had to rest on a sofa or bed, without walking. After 35 minutes, the system would sound an alarm, and the patient should turn the circuit off and remove the light-emitting device. After the removal of the LED matrix, gauze was placed on top of the wound region, and a bandage was used to hold the gauze. The gauze and bandage absorbed the eliminated wound secretion, since the latex sheet had small holes for that purpose. It was recommended that the patient remained with the healing insole all day long or for a period of at least 10 hours. However, the latex sheet should remain in contact with the wound 24 hours a day. Once a day, the patient should repeat all wound cleaning procedure, changing the latex sheet and using the tissue regeneration electronic circuit. It is noteworthy that the latex sheet was disposable and should be changed every day, and that the insole should be changed weekly or every 10 days. Three times a week, the patient should charge the tissue regeneration electronic circuit for a period of 8 hours.
Evaluation of ulcer healing by image analysis
All p atients included in the study were evaluated weekly. The evaluations were conducted by the medical staff and by the research team, using a photographic documentation protocol. The ulcers were photographed weekly using a digital camera, Sony DSC-H70, with a resolution of 16.1 megapixels. The images were standardized by positioning patients on a chair, with the camera assembled on a tripod parallel to the wounds, with a focal distance length of 15 cm. A millimeter ruler was placed at the wound margin for further computational analysis. The digital images obtained were analyzed using the ImageJ  software, which is an open source, public domain software. This software has tools that allow one to delimitate the ulcer area, and provide an estimate for the area. These estimates allowed us to estimate the decrease of the ulcers with time and, from that, to quantify ulcer healing.
After the quantification of the total ulcer area, we calculated indexes that are used in the literature for assessing re-epithelialization (Al-Watban and Andres, 2003; Robson et al., 2001 , Yu et al., 1997 . In this article, we used the following index:
where CRU(%) is the index for percentage contraction of the ulcer, A i is the initial area or the ulcer and A f is the final area. A value of IUH=100% indicates total re-epithelialization (total healing), and a value of IUH = 0% indicates no signs of re-epithelialization. IUH > 0% indicates ulcers area reduction and IUH < 0%, ulcer area increase. This index was used to evaluate the performance of the proposed system and to compare its performance with the performance of the standard procedure.
Results
All selected patients had type 2 diabetes, and some had more than one ulcer. A summary of the group assignments is shown in Table 1 . Patients 2 and 4 had one ulcer, patient 1 and 5 had two ulcers and patient 3 had 4 ulcers. The ulcers were very different in type, location and degree; more details on the patients' characteristics can be found in the work published by Reis (2013) .
Patient 1 had one ulcer assigned to the CG, and another, to the EG1; Patient 2 had one ulcer assigned to the EG1; Patient 3 had one ulcer assigned to the CG and three assigned to the EG1; Patient 4 had one ulcer assigned to the CG; and Patient 5 had two ulcers assigned to the CG. Patients 4 and 5 agreed to participate in the experiment in two stages: they volunteered to participate 4 weeks in the CG, and after, that, since their ulcers were only partially healed, they volunteered for 4 more weeks as experimental group volunteers (EG2). Thus, there were five ulcers in the CG, five in the EG1 and three in the EG2. Therefore, there were a total of 8 ulcers in the experimental group (EG = EG1 + EG2).
The experiments for the CG and the EG were performed as described in the Methods section, and the CRUs(%) were calculated and tabulated at the beginning of the experiment and at the end of the second and fourth weeks. The areas measured for the five ulcers of the CG, in the initial week (week 0) and in the end of weeks 2 and 4, are presented in Table 2 . These area values were used to calculate the correspondent CRU(%), which were also included in Table 2 .
The same process was done for the areas and CRUs(%) of the EG ulcers, and these data were tabulated in Table 3 .
The results presented in Table 2 , for the CRUs(%) of the CG, are presented, in graphical form, in Figure 3 , Table 3 . The areas measured for the eight ulcers of the EG, in the initial week and at end of weeks 2 and 4, and the correspondent values of CRU(%). CG: Number of ulcers assigned to the control group. EG1: Number of ulcers assigned to the experimental group in the first four weeks. EG2: Number of ulcers assigned to the experimental group after having a partial treatment of four weeks in the control group. TNU: Total number of ulcers. TSDDM: Time since the diagnosis of diabetes mellitus. and the results presented in Table 3 , for the CRUs(%) of the EG, are presented in Figure 4 . Figure 5 shows the averaged values of the curves shown in Figures 3 and 4 , to facilitate a comparison. The full line curve shows the average curve for the CG, and the dashed line, for the CE. For the CG, the CRU (%) had, in week 2, an average increase from 0% to 22.7%. To test if this increase was statistically significant, we used the Lilliefors test to check if a parametric test can be used; if the test indicated that the data was not normal, we would use the Wilcoxon test. Since the test indicated, in this case, a normal distribution, we used a Student's t-test, which yielded a p-value of 0.066. For week 4, the CRU (%) was 78.4%, and the t-test (after the Lilliefors test) resulted in p = 0.022.
Patient
For the EG, a visual inspection of Figure 5 shows that there were increases in the CRU(%), from the initial value of 0%, to 51.8% in week 2 and to 78.4% in week 4. By examining Table 3 , one can see that this increase happened to all the eight subjects. To test if these increases are statistically significant, the t-tests were performed (after the Lilliefors test), and the results were p < 0.001 for week 2, and p < 0.001 for week 4.
Student's t-test for samples of different sizes has been used to determine if there is a statistically significant difference in the performances of the two methods, for the results in week 4, and the obtained p-value was p < 0.001; this means that the higher CRU (%) for the EG was statically significant.
After the study, the hospital's clinical staff continued the treatment further until the complete healing or significant improvement of the ulcers in all five volunteers. All the processes were photographically documented with weekly taken pictures.
To illustrate the healing process in two cases, Figure 6 illustrates the healing process of patient 3 (second ulcer), and Figure 7 illustrates the healing process of patient 4, when he participated in the experimental group. The patients had good but partial healing processes during the 4 weeks of the experiment, but continued to use the experimental treatment until their ulcers had significant improvement.
Discussion
An initial visual inspection of the results presented in Table 2 and Figures 3 and 5 , which estimate the effectiveness of the standard treatment with silver-releasing foam dressing in reducing the diabetic foot ulcers, suggest that the treatment was effective in reducing the ulcers. It is important to mention that the patients that were treated did not have ulcers that would heal spontaneously. On the contrary, their ulcer sizes had increasing trends when they looked for specialized help, due to the diabetes mellitus. Thus, convincing evidence that the ulcers decrease, or that the ulcer healing increase, can be considered a good result. The results presented in Table 2 and in  Figures 3 and 5, along with the value of p = 0.022, in week four, show that there was an increase in the amount of regeneration in the ulcer, and that this increase was statistically significant. The effectiveness of the treatment was further corroborated by the fact that some of the ulcers were completely healed during the 4 weeks period, and some were completely healed after the end of this period, as the patient continued the treatment. This result was expected, since the effectiveness of the standard treatment has been well documented in the literature (Jorgensen et al., 2005) .
Visual inspection of Table 3 , and Figures 4 and 5, also suggest the effectiveness of the experimental method. After two weeks, every ulcer showed increased CRU (%), and the same was true for the next two weeks. At week 2, the CRUs (%) reached an average increase of 57.8% and, at week 4, the average increase was 78,4%. The p-values in both cases were p < 0.001, showing that there is very high statistical significance for week 2 and week 4. This is strong evidence that this method has good potential to become a clinically viable method in the future. Another compelling evidence was that all patients that continued the treatment for a few more weeks had their ulcers either completely or almost completely healed.
Both the standard and the experimental methods had positive results: in week four, the standard method led to an average CRU (%) of 51.8%, and the experimental method, to an average CRU (%) of 78.4%. To know if this difference was statistically significant, the results of the control and the experimental methods were compared using student's t-test for samples with different sizes. The obtained p-value was p < 0.001, which shows that the difference was statistically significant, indicating that the experimental method led to a higher healing rate than the standard one.
However, this result should be viewed with extreme caution, since the methodology used had many limitations. Due to practical reasons, the patients had to be recruited using judgmental sampling, and the ulcers had to be assigned according to convenience issues. Some examples of the difficulties encountered were: (i) the number of patients that were good fits for the experiments, given its complexity and the logistic difficulties of the experiment, was small; (ii) not every patient would agree to use either method, or to use both. Thus, even though the results hint that the method have very good potential to become an effective option, in the near future, for the treatment of diabetic foot ulcers, the limitations of the methodology used should be taken into account when the results are to be analyzed and/or used.
During the tests, no noticeable clinical side effects were observed. In some cases, there were reports that in some periods the insole would generate moderate odor. This odor was a result of the natural odor of rubber (latex), added to the foot's own odor. To solve this problem it has been recommended that patients reduced the time spent with the insole and, instead of using it 24 hours a day, reduce the use to about 8 or 10 hours, or use it on alternate days. This fact did not affect the healing process, since the healing agents are the latex sheet and the LED light, and, when the patients were not wearing the insole, they continued to use with the latex sheet 24 hours on a daily base. After the patient removed the insole, gauze and bandage were used to fix the latex sheet into the wound. Patients reported this odor problem after two weeks of treatment. This approach solved the problem, when it appeared, in a satisfactory way.
The results herein presented are in agreement with reports, in the literature, that phototherapy using LEDs with wavelengths between 600 and 1000 nm promote tissue repair. This fact is in line with other works in the literature (Caetano, 2008; Erdle et al., 2008; Minatel et al., 2009; Siqueira et al., 2009 ) that also demonstrated that phototherapy with LEDs accelerates wound healing. The results are also consistent with the latex-related literature (Frade et al., 2004; Mrue, 2000) , which have shown that the natural latex blade enhances the induction of wound healing. All patients that used the experimental system were satisfied with the results and reported that the latex blade insole, and the radiating LED light cell were easy and simple to use.
This study has a limitation: since the system used two conjugated methods (the natural latex and the LED light) the experiment did not allow us to find out in which extent each method contributed to the healing process. Since there are no studies on the use of these methods in the healing of diabetic foot ulcers in the literature, new experiments are needed in order to answer this question. Possibly, preliminary experiments with animal models would be desirable, since they would allow testing with more homogeneous ulcers, and with higher number of cases.
In conclusion, the results herein presented hinted that the proposed system has good potential to become a good option of the treatment of diabetic foot ulcers in the near future, but it still needs to undergo further development.
